Abstract The Ndc80 complex lies at the heart of the kinetochore, a large protein machine that accurately segregates chromosomes during cell division. The Ndc80 complex has structural roles in assembling the kinetochore, but also functions to congress chromosomes and to signal the spindle checkpoint. It directly binds to microtubules and is currently the best candidate for the long-sought protein that couples microtubule depolymerization to chromosome movement. A combination of structural and genetic data has recently converged to generate the first models for this fascinating motor activity. Additionally, recent data point to an increasingly dynamic role for Ndc80 in the kinetochore-one which involves not only simple binding to microtubules but also shifts in complex shape and its location within the overall kinetochore structure. In this review, we discuss recent advances in our understanding of the Ndc80 complex and address future areas of research.
Classic in vitro experiments by Koshland et al. (1988) demonstrated that kinetochores could move isolated chromosomes on microtubules in the absence of ATP. These data suggested that chromosomes are not powered by traditional ATP-driven motors, but rather by the energy stored in the dynamically unstable microtubule. This model was rigorously debated since some of the first kinetochore proteins identified were kinesins and dynein (Wordeman et al. 1991; Yen et al. 1992 ). Current models now suggest that ATP-driven motors play important roles in generating bipolar kinetochore attachments and coordinating spindle checkpoint signaling. However, ATPdriven motors are not required to align most chromosomes or to segregate chromatids in anaphasereinvigorating the concept of depolymerizationcoupled movement (Howell et al. 2001; Putkey et al. 2002) . Characterization of the Ndc80 complex in numerous model organisms has shown that this four-protein complex is essential for chromosome segregation in all eukaryotes. More importantly, it has a structure and activities consistent with a coupler that can harness the energy from a depolymerizing microtubule to perform the work of moving chromosomes.
The early years-discovery and phenotypes
Lee and colleagues first made the connection that proteins of the Ndc80 complex were critical for kinetochore movements. They isolated the Ndc80/ Hec1 subunit in a two-hybrid screen with the retinoblastoma tumor suppressor and named the human protein Hec1 (for highly expressed in cancer 1; Chen et al. 1997) . Using a monoclonal antibody against Hec1, they demonstrated that the protein localized to kinetochores. Injection of this antibody blocked mitotic chromosome movements in human cells. The budding yeast homolog was later identified as a contaminant in a spindle pole body preparation (Wigge et al. 1998) . Since the phenotypes of temperature-sensitive mutants were similar to those of Ndc10, an established kinetochore protein, the budding yeast protein was named Ndc80. The budding yeast complex containing Ndc80 and three other tightly associated proteins was later purified. Two co-purifying proteins were believed to be members of the spindle pole complex and were named Spc25 and Spc24 (Wigge and Kilmartin 2001) . The fourth protein, Nuf2, had previously been identified in a separate spindle pole body preparation (Osborne et al. 1994) . While a role for these proteins at the spindle pole/centrosome is dubious, it is clear that all of the components of the Ndc80 complex are essential for kinetochore function in eukaryotes. All four proteins are able to ChIP to centromeres and are critical for chromosome segregation. The yeast Ndc80 complex also is required to generate the spindle checkpoint signal (Janke et al. 2001) .
Discovery of the vertebrate complex soon followed in a flurry of papers. These papers established that the four-protein Ndc80 kinetochore complex is conserved from yeast to humans and that the complex is highly elongated, consistent with its predicted coiled-coil structure (Deluca et al. 2002 (Deluca et al. , 2003 (Deluca et al. , 2004 MartinLluesma et al. 2002; Desai et al. 2003; Hori et al. 2003; McCleland et al. 2003 McCleland et al. , 2004 Bharadwaj et al. 2004) . It is required for chromosome movements and kinetochore microtubule attachments in all species. The vertebrate complex also is required to generate spindle checkpoint signals, although the requirement is highly sensitive to the degree of knockdown and shows some species variability. Early experiments further demonstrated that the complex plays a structural role in the kinetochore, as a number of outer kinetochore proteins could not properly assemble on kinetochores following Ndc80 knockdown (McCleland et al. 2003 (McCleland et al. , 2004 Hanisch et al. 2006; Ciferri et al. 2007; Ohta et al. 2010 ). This made it impossible to assign a direct role for the complex in the strong phenotypes generated by its knockdown. Later rescue experiments using separation of function mutants of the Ndc80/Hec1 subunit established that the complex does indeed play a direct role in facilitating chromosome movements (Guimaraes et al. 2008; Miller et al. 2008) .
Structure and function studies
Hydrodynamic analysis and biochemical reconstitution of the Saccharomyces cerevisiae, Caenorhabditis elegans, Xenopus laevis, and human Ndc80 complexes opened the door to advances in our understanding of complex structure. The Ndc80 complex exists in a 1:1:1:1 stoichiometry with a calculated molecular weight of~170-190 kDa (McCleland et al. 2004; Ciferri et al. 2005 Ciferri et al. , 2008 Wei et al. 2005 Wei et al. , 2007 Cheeseman et al. 2006) . All four complex members co-purify with high affinity in vitro, suggesting a tight interaction (Wigge and Kilmartin 2001; Cheeseman et al. 2004; McCleland et al. 2004) . Rotary shadow electron microscopy (EM) and atomic force microscopy demonstrated that the Ndc80 complex contains two globular domains at either end of a~57-nm highly elongated coiled-coil (Ciferri et al. 2005 Wei et al. 2005 Wei et al. , 2006 . The extended shape of the complex leaves it capable of spanning the distance between the electron-dense inner and outer regions of the kinetochore (Cleveland et al. 2003) . At one end of the complex, the globular domains of Spc24 and Spc25 dimerize to form a "receptor" connecting the Ndc80 complex to more centromereproximal elements of the kinetochore (Wei et al. 2006; Petrovic et al. 2010) . At the other end of the complex, the Ndc80/Hec1 and Nuf2 globular domains dimerize to form a dual calponin homology domain (CHD; Wei et al. 2007; Ciferri et al. 2008 ), a protein fold found in other microtubule and actinbinding proteins (Sjoblom et al. 2008) . The Ndc80/ Hec1 protein also contains an unstructured tail at its N-terminus that ranges from 80 to 112 amino acids, depending on the species. The two globular domains are connected by the coiled-coil regions contributed by each protein. These regions allow the two dimers to tetramerize and to form the dumb-bell shape that characterizes this complex . The coiled region of the Ndc80/Hec1 protein is interrupted by an unstructured "hinge" region which allows the central shaft to bend in vitro and is postulated to also permit complex flexibility in vivo (Wan et al. 2009 ; Fig. 1 ).
The microtubule binding activity of the Ndc80 complex resides in the Ndc80/Nuf2 globular region. There is a bipartite microtubule binding motif, as both the N-terminal tail and the CHD of Ndc80/Hec1 can bind microtubules in vitro, and each contributes to the overall binding affinity Wei et al. 2007; Ciferri et al. 2008; Miller et al. 2008) . It is currently unclear if the Nuf2 CHD contacts microtubules or simply regulates the Ndc80/Hec1 CHD (Wilson-Kubalek et al. 2008; Alushin et al. 2010) . One possible role of the Nuf2 CHD could be to form a dual CHD within the Ndc80 complex. A single Hec1 CHD cannot bind microtubules in vitro while the unstructured tail can (Miller et al. 2008) . It is only when the Ndc80/Hec1 CHD is paired with the Nuf2 CHD that microtubule binding occurs. A similar effect is seen with the plus-end microtubule binding protein EB1, which cannot bind microtubules effectively unless dimerized (Zimniak et al. 2009 ). Dual CHD requirements also exist for actin-binding proteins such as α-actinin (Sjoblom et al. 2008 ).
The Ndc80 complex as a kinetochore coupler
A depolymerization-based coupler must use microtubule shortening to both power cargo movement and to provide directionality. A key to understanding how kinetochores act as couplers will be a careful The globular N-terminal domains of Ndc80/Hec1 (blue) and Nuf2 (yellow) form a dual calponin homology domain (CHD), and the Ndc80/Hec1 subunit also contains an unstructured tail at its N-terminus (dark blue). The globular C-terminal domains of Spc25 (green) and Spc24 (red) dimerize to form a "receptor" connecting to the Nsl-1 subunit of the Mis12 complex. The long coiled-coils contributed by each of the four proteins join together in the tetramerization domain (black box). The Ndc80/ Hec1 subunit also contains an unstructured "hinge" region (dark blue) that permits complex flexibility in vitro description of how they engage microtubules. The Ndc80 complex is currently the best candidate for this elusive coupling activity. The Ndc80 complex directly binds microtubules in vitro with~0.5-3 μM affinity Ciferri et al. 2008) . When recombinant Ndc80 complex is attached to polystyrene beads, the coated beads are capable of binding the lateral sides of stabilized microtubules, remaining attached to the plus end of a microtubule in response to tension, and tracking with a depolymerizing microtubule Powers et al. 2009 ). These data argue that Ndc80 is a kinetochore coupler capable of moving a large cargo in vitro. In vivo, mutants of the Ndc80/Hec1 subunit generate kinetochores that are unable to productively bind microtubules, congress chromosomes to the metaphase plate, or segregate them during anaphase (Guimaraes et al. 2008; Miller et al. 2008 ). Injection of a monoclonal antibody targeting Ndc80/Hec1 results in greater stretch between sister kinetochores, loss of K-fiber flux, and the inability of kinetochores to release microtubules (Deluca et al. 2006) . Thus, the in vivo data corroborate what is seen in vitro and point toward a direct role for the Ndc80 complex in depolymerization-coupled movement. The unstructured tails of tubulin contribute significantly to the binding affinity of the Ndc80/Hec1 subunit Miller et al. 2008) . These negatively charged C-terminal tails (often referred to as E-hooks) interact with the Ndc80/Hec1 tail, which contains numerous positively charged residues. Electrostatic interactions between the two tails are thought to be a primary mode of Ndc80 complex binding. Cryo-EM images reveal that the Ndc80/Hec1 CHD contacts the microtubule directly, and mutations in residues which contact the microtubule greatly reduce binding affinity in vitro Ciferri et al. 2008; Wilson-Kubalek et al. 2008; Alushin et al. 2010) . This suggests that the interaction between the Ndc80 complex and a microtubule is bipartite and is generated by a combination of binding affinity from the CHD and the unstructured tail. The CHD also requires E-hooks for maximal binding (our unpublished data), suggesting a dual role for these unstructured tails of tubulin.
The cryo-EM structure of a chimeric version of the human complex has been solved to a resolution of 8.6 Å. This higher-resolution structure allowed the visualization of Ndc80 secondary structure and facilitated the unambiguous docking of the "Bonsai" crystal structure within the cryo-EM density (Alushin et al. 2010 ). An important finding from this study was the identification of a binding interface between the Ndc80 complex and a microtubule. The structure shows a small set of surface residues on the Hec1 CHD (referred to as the "toe") that bind a conserved surface spanning the α-β or β-α subunit interface on the lateral surface of a stabilized microtubule. Interestingly, we have characterized a point mutant in this "toe" region of the Hec1 CHD, which renders kinetochores highly defective in assays for depolymerizationcoupled movement and generation of productive microtubule attachments (our unpublished data). Thus, the biochemistry and the genetics of the Ndc80 complex have converged to argue very strongly that the Ndc80 complex is a direct mediator of force production in human cells. It is difficult to identify the density of the E-hooks in the cryo-EM structures, but we have identified additional lysine residues in the Hec1 CHD that lie close to the exit point of the E-hooks (Alushin et al. 2010 ). These lysines also are essential for metaphase congression of chromosomes (our unpublished data), strongly arguing that E-hooks also interact with the Hec1 CHD to generate additional coupling forces.
In vitro binding experiments using recombinant Ndc80 complex have demonstrated a cooperative aspect to Ndc80 binding Ciferri et al. 2008; Alushin et al. 2010) . Metazoan Ndc80 complex has a much higher affinity for another Ndc80 on a microtubule than a free microtubule, but such cooperativity is not seen in the budding yeast complex. The tail of Ndc80/Hec1 is thought to be responsible for driving cooperativity, since in its absence cooperative binding is lost. Cooperativity could come from tail-tail interactions (since the Hec1 tail alone shows cooperative binding characteristics; Miller et al. 2008 ) and/or from interactions with the negatively charged regions on adjacent Ndc80 complexes (such as those that reside in the Ndc80/Hec1 or Nuf2 CHDs; Ciferri et al. 2008) . These interactions between dual CHDs of adjacent complexes may also be coordinated by the unstructured tail (Alushin et al. 2010 ). In vitro cross-linking and MS/MS studies have identified interactions between residues in the Hec1 tail and residues in both the Hec1 and Nuf2 CHDs (Maiolica et al. 2007 ). Furthermore, mutating seven serines in the Hec1 tail to aspartic acid (mimicking phosphorylation) diminishes Ndc80 complex cluster formation (Alushin et al. 2010) . Thus, the unstructured tail of metazoan Ndc80/Hec1 appears to have two functions: first, to increase the affinity for tubulin and second, to modulate cooperativity. These data argue for a model of depolymerization-based coupling where groups of Ndc80 work on a single tubulin protofilament. Current models suggest that rather than slide ahead of a depolymerizing end, the "toe" of the most proximal Ndc80 complex releases in response to protofilament curvature. Following its release, the most attractive binding site for that Ndc80 complex would be behind the last subunit on the straight protofilament (Fig. 2) .
Despite convincing in vitro data, the in vivo contributions of cooperativity remain in question. The Ndc80/Hec1 tail is critical for kinetochore function in vertebrates but dispensable in budding yeast (Guimaraes et al. 2008; Miller et al. 2008; Kemmler et al. 2009 ; D. Burke unpublished data). Moreover, diverse organisms build kinetochores containing roughly the same number of Ndc80 complexes per microtubule (6-9; Joglekar et al. 2006 Joglekar et al. , 2008 Johnston et al. 2010) . Current published data make it unclear whether the essential vertebrate activity of the tail stems from its microtubule binding activities or the regulation of cooperative binding. We are currently characterizing a separation of function mutant that suggests that cooperativity is not absolutely required for congression of chromosomes to the metaphase plate (our unpublished data). We cannot rule out more subtle roles for cooperativity, such as enhancing rates of chromosome movement. Nevertheless, our data argue that the cooperativity model shown in Fig. 2 is not an absolute requirement for chromosome congression.
Regulation of the Ndc80 complex
The interaction between the Ndc80 complex and microtubules is highly regulated. The best-studied Fig. 2 Models for depolymerization-coupled movement. A vertebrate kinetochore uses the Ndc80 complex to couple to depolymerizing microtubule through biased diffusion. The "toe" region of the Ndc80/Hec1 CHD reacts to the conformational state of the microtubule lattice, binding to straight tubulin protofilaments between two subunits but becomes dislodged from depolymerizing tubulin subunits (adapted from Alushin et al. 2010) . Following displacement of the CHD toe, the Ndc80/Hec1 tail acts as a sliding tether, allowing the kinetochore to retain partial connection to the microtubule through electrostatic interactions with the charged tubulin E-hooks (first arrow). The displaced Ndc80 complex then undergoes biased diffusion and rebinds at the next available tubulin subunit (second arrow)-a process that may be aided by cooperative binding of Ndc80 complexes. Budding yeast, in contrast, make use of a dual coupler involving both the Ndc80 complex and also the Dam1 ring complex to slide behind a depolymerizing microtubule. Here, the Dam1 complex would be able to ride the conformational wave created at the microtubule plus end during depolymerization mode of Ndc80 regulation remains phosphorylation by the mitotic kinase Aurora B/Ipl1. The catalytic member of the four-member chromosomal passenger complex (CPC; Ruchaud et al. 2007 ), Aurora B/Ipl1 phosphorylates Ndc80/Hec1 in vitro and in vivo on a number of sites contained in its N-terminal unstructured tail (Cheeseman et al. 2002 Deluca et al. 2006; Guimaraes et al. 2008; Akiyoshi et al. 2009; Welburn et al. 2010 ). According to current models, phosphorylation of Ndc80/Hec1 occurs in response to the presence of an aberrant microtubule connection, such as a syntelic or merotelic attachment. As kinetochore interactions with a microtubule strengthen, kinetochores come under tension, and the Ndc80 complex is stretched away from the inner centromere, where Aurora B resides Welburn et al. 2010) . In support of this, artificially tethering Aurora B kinase to the outer kinetochore causes kinetochores to be displaced from microtubules ). As the interaction between the Ndc80/ Hec1 tail and tubulin E-hooks is driven by charge (Miller et al. 2008 ), the addition of negatively charged phosphates to the highly basic tail region of Ndc80/ Hec1 (net charge of +10 in humans) is thought to disrupt electrostatic interactions and loosen microtubule attachments. Indeed, phosphorylation of the Ndc80 complex or the N-terminal regions of Ndc80/ Hec1 causes a marked decrease in microtubule binding ability in vitro Ciferri et al. 2008; Welburn et al. 2010) . In vivo, mutations to Aurora sites in the Ndc80/Hec1 tail cause either displacement from microtubules and loss of cell viability (serine to aspartic acid mutations; Guimaraes et al. 2008; Welburn et al. 2010) or errors in chromosome congression (serine to alanine mutations; Deluca et al. 2006; Welburn et al. 2010) . Most studies examining tail regulation by Aurora B have largely utilized an all-or-none approach, whereby all tail sites are either altered or left alone. However, it remains possible that certain sites along the Ndc80/ Hec1 tail are more critical than others, or that sites are phosphorylated in a spatial or temporal fashion. One speculative model would be for the tail to exist in various states of phosphorylation: a fully phosphorylated tail would completely disengage from microtubules (error correction), while a partially phosphorylated tail would be capable of acting as a sliding tether but not a cooperativity factor (see below and Fig. 3 ). It will be important for future studies to test models such as this by taking a more nuanced approach to examining Aurora regulation. A second mechanism of Ndc80 regulation involves the mitotic kinase Nek2A. Nek2A phosphorylates Ndc80/Hec1 in vitro on a serine located in the CHD region (Chen et al. 2002; Du et al. 2008) . Replacing this serine with an alanine leads to decreased microtubule binding in vitro and defects in chromosome congression in vivo. Conversely, mutating this serine to glutamic acid increases the affinity of Hec1 for microtubules in vitro (Du et al. 2008 ). This serine is located adjacent to a CHD "toe" lysine (K166), which in humans is highly important for microtubule binding both in vitro Alushin et al. 2010 ) and in vivo (our unpublished data). Replacing that lysine with a glutamic acid severely reduces binding. It remains puzzling why the addition of a negative charge on neighboring amino acids yields such disparate effects on microtubule binding.
Regulation of the Ndc80 complex may be more elaborate than first envisioned. In the future, it will be important for studies to delineate the timing of individual regulatory steps. Such information will also need to be integrated with the physical shifts that the Ndc80 complex undergoes in the kinetochore in response to various stages of microtubule attachment (see below).
A model for Ndc80 function
Kinetochores need to bind microtubules tight enough to move chromosomes, but these attachments must be highly dynamic to allow flux when K-fiber microtubules treadmill towards the spindle poles ). This requirement suggests that the microtubule attachment might act as a slip-clutch, which alternates between a tight binding and a slipping mode. Tight and weak binding could be generated by the regulation of cooperativity, although there is an apparent conflict for how a microtubule might flux if the Ndc80 complex only releases microtubules in response to curvature changes that accompany depolymerization. A classic theoretical model suggested that the attachment was generated through numerous low affinity interactions. The "Hill sleeve" model envisioned a number of low-affinity microtubule binding activities residing in the kinetochore sleeve (Hill 1985) . These interactions could easily be broken and remade as the kinetochore moved along the surface of a microtubule. When a microtubule depolymerizes (and a set of attachment points are lost), there are still numerous other potential attachment sites. As long as the equilibrium favors rebinding along the surface of the microtubule over complete detachment, enough attachments could be maintained on a depolymerizing microtubule to generate force. The binding characteristics of the Ndc80 complex reflect aspects of both these models. In higher eukaryotes, we propose a model whereby the Ndc80/Hec1 tail converts between a sliding tether and a cooperativity factor. During initial stages of attachment, the tail functions as a tether (thereby generating "Hill sleeve binding" through numerous low-affinity interactions), allowing the kinetochore to work by biased diffusion and maintain contact with a microtubule during periods of depolymerization. As attachments mature, the tail may facilitate tighter binding by linking adjacent complexes along a microtubule protofilament. This conversion between low and high affinity would likely be regulated by the Aurora B kinase. As outlined above, cooperativity in unphosphorylated Ndc80/Hec1 would allow the CHD to bind a microtubule tightly but then release in response to microtubule depolymerization. In an Ndc80 complex where the tail is phosphorylated, the CHD may bind less tightly and act more like a slipclutch.
It is important to note that in vitro, the yeast Dam1 and vertebrate Ska1 complexes bind microtubules with a higher affinity than the Ndc80 complex and are also more processive than the Ndc80 complex in depolymerization-coupled movement assays (Asbury et al. 2006; Welburn et al. 2009 ). This has led to the assertion that these complexes, and not Ndc80, are the key couplers at the kinetochore. While the in vitro data are compelling (and it is likely that both microtubules and an increase in tension applied to kinetochores (below right), the tail is moved away from Aurora B. This, along with recruitment of PP1 to kinetochores, results in complete tail dephosphorylation and allows formation of cooperative interactions between Ndc80 complexes. During error correction (top right), the tail becomes highly phosphorylated and can neither tether Ndc80 to microtubules nor drive cooperativity complexes contribute to depolymerization-coupled movement), we must emphasize that the Ndc80 complex is the only proposed coupler which is absolutely required for chromosome movements in vivo in all eukaryotes. We currently favor a model whereby budding yeast and vertebrate kinetochores use distinct mechanisms to couple to microtubules. This subject will be addressed later in this review.
Ndc80 complex as an integrator of kinetochore function
The conserved kinetochore parts list is likely nearing completion, and tremendous progress has been made to define the physical connections and dependencies that exist during kinetochore assembly Gascoigne and Cheeseman 2010) . However, we are only beginning to fully appreciate how dynamic this large kinetochore structure can be.
A great challenge moving forward will be to tease apart why the vertebrate kinetochore relies on more than 100 proteins to facilitate accurate chromosome segregation, and how microtubule binding is linked to error correction and checkpoint signaling. The Ndc80 complex has been implicated in all three aspects of kinetochore function, but it clearly does not act alone. Therefore, we must better understand how this microtubule coupler operates within the everchanging kinetochore microenvironment. Within the kinetochore, the Ndc80 complex exists as part of a larger super-complex, often referred to as the KMN network (Kline-Smith et al. 2005; Cheeseman et al. 2006) . Consisting of the four-member Ndc80 complex, the four-member Mis12 complex, KNL-1, and Zwint (in most species), this conserved network serves as the core microtubule attachment site at the kinetochore. KMN is brought to centromeres via links with CENP-A and CENP-C (Santaguida and Musacchio 2009 ). The Ndc80 complex is integrated into KMN by binding the Nsl-1 subunit of the Mis12 complex (Petrovic et al. 2010 ). It has also been shown to depend on KNL-1 and the CENP/H/I/K complex for kinetochore recruitment, though differences exist between species (Desai et al. 2003; Okada et al. 2006; . Members of the KMN complex, in turn, serve as a platform for recruiting additional outer kinetochore components. The Ndc80 complex is required for kinetochore localization of the Ska and RanGAP/RanBP2 complexes, both of which are implicated in chromosome congression and checkpoint signaling (Joseph et al. 2004; Hanisch et al. 2006; Ohta et al. 2010) . It is also required to bring the checkpoint proteins Mad1, Mad2, and MPS1 to the kinetochore (Martin-Lluesma et al. 2002; Deluca et al. 2003; Hori et al. 2003; McCleland et al. 2003; Meraldi et al. 2004 ). (Notably, no strong physical interactions have been detected between any of these proteins and the Ndc80 complex.) KNL-1 is responsible for bringing a separate set of proteins to the kinetochore. These proteins include Zwint, RZZ, Spindly, Dynein, Bub1, Bub3, BubR1, and PP1 (Desai et al. 2003; Kiyomitsu et al. 2007; Gassmann et al. 2008; Liu et al. 2010) . The Mis12 complex, the final member of KMN, serves as the bridge linking Ndc80 and KNL-1 (Petrovic et al. 2010) . Therefore, the outer kinetochore which emanates from the KMN network can be thought of as containing two "branches"-one assembled by KNL-1 and the other by the Ndc80 complex (Wan et al. 2009; Maresca and Salmon 2010; Fig. 4) .
Recent work has demonstrated that the two branches are not static. A compelling study by the Salmon lab and colleagues utilized high-resolution single molecule imaging to generate a map that pinpoints the location of many proteins within the kinetochore. Importantly, this map also captures positional changes that occur in response to the loss of tension applied on kinetochores by microtubules (Wan et al. 2009 ). Following loss of tension, the Ndc80 complex moves backward in the kinetochore (i.e., closer to CENP-A). KNL-1 does not move nearly as far back as Ndc80-resulting in Ndc80's position relative to KNL-1 being altered (Fig. 4) . This shift may be a consequence of re-arrangements that occur between Mis12 complex members following loss of tension. Alternatively, it may indicate more centromere-proximal shifts involving the CENP-C and CENP-I proteins. Regardless, such changes demonstrate a dynamic rearrangement of the kinetochore architecture following microtubule engagement, an observation first made by electron tomography (Dong et al. 2007 ). It seems plausible to suggest that in addition to KNL-1, the N-terminus of Ndc80/Hec1 also is being shifted in relation to RZZ and PP1, two proposed regulators of the Ndc80 complex that are recruited to this region of the kinetochore (Gassmann et al. 2008 (Gassmann et al. , 2010 Liu et al. 2010) . Further experi-ments could test this prediction and could also overlay additional proteins (such as the Ska complex) onto this map.
Another pair of elegant studies extends this concept by linking shifts in kinetochore architecture to spindle assembly checkpoint (SAC) signaling (Maresca and Salmon 2009; Uchida et al. 2009 ). The authors here uncover evidence of intrakinetochore stretching forces within a single kinetochore, and they present a strong argument that intrakinetochore alterations-rather than the separation of sister kinetochores-are the primary readout driving SAC signaling. The authors correlate intra-kinetochore stretch with SAC signaling (low stretch, high SAC signal and high stretch, loss of SAC signal). Remarkably, they can produce the low SAC signal even when inter-kinetochore stretch (the separation of sister centromeres) was reduced but intra-kinetochore stretch remained elevated.
We are now beginning to better understand how the Ndc80 complex operates within the kinetochore. Based on these studies, the rough outlines can now be drawn for a model integrating microtubule engagement with checkpoint signaling. Within the outer kinetochore, there are two branches emanating from the Mis12 complex (Wan et al. 2009) with a microtubule, a shift occurs between the two branches. This shift has the effect of moving microtubule binders, binding regulators, and signaling modules relative to one another (Fig. 4) . Such dynamic movements may also hint at multivalent docking sites for proteins such as Mad1/Mad2 and the Ska complex at the kinetochore-and could explain the inability to detect a direct interaction between the Ndc80 complex and any of the proteins it helps recruit (Maresca and Salmon 2010) . Much of the details remain to be worked out, but in this dynamic view of the kinetochore, the Ndc80 complex emerges not only as a microtubule coupler but also as a key integrator of kinetochore signaling.
Ndc80 in budding yeast vs. Hec1 in humans
Despite its conserved presence in eukaryotic kinetochores, it remains unclear whether the Ndc80 complex has been used in the same way as species evolve. Data used to build models for Ndc80 function are often pooled from a number of divergent organisms, namely budding yeast, worms, and humans. However, kinetochore proteins are known to have evolved quite rapidly (Meraldi et al. 2006) , and contradictions about Ndc80 function persist. Therefore, it is important to more carefully discern which functional elements of the Ndc80 complex have been conserved and which have evolved to meet the needs of a particular kinetochore structure. The most striking example of functional divergence involves the unstructured tail of Ndc80/Hec1. In vitro, the tail is required to enhance the microtubule binding of both the yeast and human complexes (although only the metazoan complexes have been shown to exhibit cooperative binding). Additionally, recombinant yeast and human Ndc80 complex can both couple microtubule depolymerization to bead movement (Wei et al. 2007; Ciferri et al. 2008; Powers et al. 2009 ). However, the story is much different in vivo. While the tail is absolutely critical for kinetochore function in humans (Guimaraes et al. 2008; Miller et al. 2008 ), it appears dispensable in budding yeast (Kemmler et al. 2009 unpublished data). A likely explanation for such a discrepancy is the presence of the Dam1 complex in budding yeast. The Dam1 complex can form rings around microtubules in vitro and can slide along a microtubule in response to force (Westermann et al. 2005 (Westermann et al. , 2006 Asbury et al. 2006) . When bound to beads, it is capable of moving cargo along a depolymerizing microtubule in a processive manner (Asbury et al. 2006; Grishchuk et al. 2008) . Furthermore, free Dam1 complex flowed into an Ndc80 bead-based experiment can confer increased microtubule binding and processivity to the yeast Ndc80 complex Lampert et al. 2010) . Therefore, in budding yeast, the tail of Ndc80 may be less important because Dam1 also functions as a key kinetochore coupler. Here, the kinetochore works by a sliding mechanism, riding the conformational wave caused by a depolymerizing microtubule . In contrast, the metazoan complex acts as a biased diffuser built upon low affinity charge-based interactions, using the tail and cooperative CHD binding together with conformation-dependent microtubule release (Figs. 2 and 3 ). An intriguing evolutionary intermediate may exist in fission yeast, where the Dam1 complex is present at kinetochores in lower amounts (Joglekar et al. 2008) and is not essential for viability (Sanchez-Perez et al. 2005; Liu et al. 2005) . In this organism, however, the Dam1 complex is required to retrieve unclustered kinetochores (Franco et al. 2007 ). It would be interesting to know the requirements of the Ndc80 tail in this organism.
The question of whether a Dam1-like complex exists in vertebrates has been the subject of much study and debate. In humans, the Ska complex has emerged as a leading candidate for the functional counterpart of the Dam1 complex, but its case is not airtight. While capable of binding microtubules and moving a bead cargo (Welburn et al. 2009 ), it has not been demonstrated that the Ska complex can enhance Ndc80 tracking abilities in a bead-based coupling assay. Furthermore, an emerging body of data points to a prominent role for the Ska complex in kinetochore recruitment of the APC/C and checkpoint signaling, a characteristic that has not been ascribed to Dam1 (Hanisch et al. 2006; Daum et al. 2009; Theis et al. 2009; Ohta et al. 2010) .
The discrepancy over Ndc80/Hec1 tail function raises the question of whether other functional elements of Ndc80 may have evolved. There are potential points of divergence. For example, the mechanism of Aurora B/Ipl1-mediated error correction may also differ between species. In humans, the unstructured tail of Hec1 contains numerous Aurora B target sites, and mutation of these sites creates significant errors in microtubule binding both in vitro and in vivo. In budding yeast, mutation of Ipl1 siteswhile creating binding defects in vitro )-does not appear to be as consequential in vivo (Akiyoshi et al. 2009 ). Ipl1 also targets numerous sites on the Dam1 complex, including a set of sites on Dam1 that disrupt the interaction between the Dam1 and Ndc80 complexes (and presumably Dam1 complex kinetochore recruitment; Shang et al. 2003; Tien et al. 2010) . As mutation of these Dam1 sites creates a strong phenotype in vivo (Shang et al. 2003) , it is possible that this is a more prominent means of attachment turnover in budding yeast. (Notably, Aurora B phosphorylation of the Ska complex has not been reported.) Furthermore, while MPS1 phosphorylation of the Ndc80 tail also is important in budding yeast, it is unclear whether this event is conserved across species (Kemmler et al. 2009) .
A number of proteins localize to kinetochores and spindles in vertebrates but not in budding yeast (Figs. 4 and 5) . These include members of the RanBP2/RanGAP complex, the Nup107-160 complex (Zuccolo et al. 2007; Mishra et al. 2010) , RZZ, Spindly, Dynein, HURP (Wong and Fang 2006; Koffa et al. 2006; Sillje et al. 2006) , and Cep57R (Emanuele and Stukenberg 2007) . While analogous proteins may yet be identified in budding yeast (Pagliuca et al. 2009) , for now, these proteins constitute a black box at the vertebrate kinetochore where relatively little is known about the precise contributions made by these factors. As many of these proteins have been implicated in aspects of chromosome congression, there is still much work to be done to understand how kinetochores couple microtubule depolymerization to chromosome movement.
